Aromatase (encoded by the cyp19a1a and cyp19a1b genes) plays a central role in sex differentiation in fish, but its precise roles during sex differentiation are still largely unknown. Here, we systematically generated cyp19a1a and cyp19a1b mutant lines as well as a cyp19a1a;cyp19a1b double mutant line in zebrafish using transcription activatorlike effector nucleases. Our results showed that cyp19a1a mutants and cyp19a1a;cyp19a1b double mutants, but not cyp19a1b mutants, had impaired sex differentiation, and all cyp19a1a mutants and cyp19a1a;cyp19a1b double mutants were males. During sex differentiation, the ovary-like gonads were not observed and the male sex differentiation program was delayed in the cyp19a1a-null fish, and these phenotypes could be partially rescued by 17b-estradiol treatment. Gene expression analysis indicated that male and female sex differentiation-related genes were significantly decreased in the cyp19a1a mutant. Collectively, our results revealed dual functions of the cyp19a1a gene during sex differentiation: cyp19a1a is not only indispensable for female sex differentiation but also required for male sex differentiation. (Endocrinology 158: 3030-3041, 2017) 
V
arious sex determination mechanisms exist in vertebrates. In mammals, the primordial gonads are bipotential and their fates are determined by the Y-linked SRY gene (1, 2) . Fish exhibit the most diverse sex determination systems among vertebrates (3) . Some fishes have XX-XY chromosome-based sex determination (4) . Other fishes have a ZW-ZZ-based mechanism or multiple sex chromosomes (3, 5) . Sex can also be determined by multiple genes in yet other species (6) . In many fish, sex determination and differentiation are also influenced by environmental factors (7) . Once the sex is determined, gonadal sex differentiation follows. In vertebrates, the gonadal primordia are formed during ontogenesis and then differentiate into either ovaries or testes. Sex differentiation exhibits striking plasticity and can be easily affected by exposure to steroid hormones in teleosts (8) (9) (10) . The effects of steroid hormones on fish sex differentiation have been investigated since the 1950s (11) . For instance, administration of estrogens, such as 17b-estradiol, can reverse phenotypic males to females (12, 13) , whereas treatment with aromatase inhibitor (AI) can result in the production of phenotypic males from females (14) (15) (16) (17) . These results indicate that estrogens are critical for the maintenance of normal sex differentiation in fish.
Aromatase is the rate-limiting enzyme in the conversion of testosterone into estrogen (18, 19) . Teleosts have two aromatase genes (cyp19a1a and cyp19a1b) generated by teleost-specific whole-genome duplication (20) (21) (22) (23) (24) . In mammals, cyp19 is expressed in both the ovary and brain. In fish, cyp19a1a appears to be specifically expressed in the ovary and cyp19a1b is mainly expressed in the brain (21, 25, 26) . The expression of cyp19a1a is sexually dimorphic in adults, with higher expression in the ovary (27, 28) . Therefore, cyp19a1a is considered a pivotal physiological effector of ovarian differentiation, and its downregulation is considered to be a critical step for testis differentiation in fish (9, 29) .
The potential roles of estrogens and cyp19a1a in the control of sex differentiation have also been investigated in zebrafish. A previous study showed that cyp19a1a expression is low before 15 days posthatch (dph) and peaks at 18 and 30 dph (28) . It is notable that 18 dph is just prior to the initiation of gonadal differentiation in zebrafish, and an increase of cyp19a1a expression may be required for gonadal sex differentiation in zebrafish (16, 30, 31) . Estrogens are able to induce a feminization response in zebrafish (32) (33) (34) . Aromatase inhibitor exposure causes sex reversal of genetically female zebrafish into phenotypic males (16, 31, 34, 35) .
Zebrafish is an undifferentiated gonochorous species with a polygenic sex determination system (36) (37) (38) (39) . Interestingly, all zebrafish undergo an "ovary-like gonads" period containing immature oocytes regardless of genetic background prior to the differentiation into mature ovaries or testes (40) (41) (42) (43) . To investigate the functional roles of aromatase during sex differentiation, we established cyp19a1a and cyp19a1b gene mutant lines as well as a cyp19a1a;cyp19a1b double knockout line in zebrafish using transcription activatorlike effector nucleases (TALENs). We found that all cyp19a1a-null and double knockout mutants are males. Two recent studies reported a similar phenotype of "all male" fish for a zebrafish cyp19a1a gene knockout (44, 45) . Our study shows several important previously unreported characteristics of this phenotype: (1) the lack of an ovarianlike stage of development prior to final gonadal maturation in the cyp19a1a mutant and double knockout fish; (2) partial rescue of the cyp19a1a knockout phenotype by 17b-estradiol replacement; (3) a delay of the male differentiation program in the cyp19a1a mutant and double knockout fish; and (4) decreased expression of sex differentiation related genes in the cyp19a1a mutant. We conclude that cyp19a1a is not only indispensable for female sex differentiation but also required for male sex differentiation.
Materials and Methods

Animals
AB strain zebrafish were reared in the laboratory of the Sun Yat-Sen University. Briefly, fish were maintained in flowthrough aquaria under an artificial photoperiod of 14 hours light (08:00 to 22:00 hours): 10 hours dark (22:00 to 08:00 hours) at 28 6 1°C. The larval and adult zebrafish were fed brine shrimp (hatched from a 20-mL volume of eggs in 4 L salt water) twice daily. All animal experiments were conducted in accordance with the guidelines and approval of the respective Animal Research and Ethics Committees of Sun Yat-Sen University.
Establishment of cyp19a1a and cyp19a1b gene disruption zebrafish lines by TALEN
The TALENs were generated using the Golden Gate method (46, 47) . Genome information for zebrafish cyp19a1a was obtained from National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/). Left arms and right arms of a TALEN that targets the third exon of cyp19a1a were designed using online tools (TAL Effector Nucleotide Targeter version 2.0; https://tale-nt.cac.cornell.edu/). The target sequence of the TALEN was AAGGAAGTCTTTGTACACTTCACGCTTT-GGAAGTAAACTGGGTCTGC (left and right arms are underlined). The specific TALEN target sites were designed in the fourth exon for cyp19a1b, and the target sequence was TGCAGACCTTTGGCACTGGCAAACCTCCCTGTGTAAT-TATTGCTCTTC (left and right arms are underlined). TALEN mRNAs (200 to 500 pg) were microinjected into one-cell stage zebrafish embryos. Two days after injection, genomic DNA was isolated from eight to ten pooled larvae. The target genomic regions were amplified by polymerase chain reaction (PCR) and sequenced to verify the presence of indel mutations at the target site. To obtain germline mutations, the TALEN-injected embryos were raised to adulthood and outcrossed with wild-type fish (AB strain). The F1 progeny were genotyped by sequencing. To obtain homozygous mutants, a heterozygous mutant with the same mutation was obtained and crossed. The primers used in this study are listed in Supplemental Table 1 .
Serum sex hormone level analysis
Each fish was put into anesthetizing water (200 mL aquarium water into a container with a 500-mL capacity, adding 200 g of ice chips). Once completely anesthetized, the fish was moved onto a prepared piece of gauze quickly; then, the operculum was cut off and the blood was gently aspired from the heart using a 10-mL tip and then centrifuged (10,000g, 10 minutes, 4°C) after being held in a 4°C environment for half an hour. The supernatant was transferred to a new test tube. Then, 1 mL serum was diluted with 49 mL enzyme-linked immunosorbent assay (ELISA) buffer supplied with the ELISA kits, and the amounts of estradiol, testosterone, and 11-KT were determined by ELISA as described in the manufacturer's protocol (Cayman Chemical Company, Ann Arbor, MI).
Morphological and histological analyses of the mutant zebrafish lines
Morphological and histological analyses were performed as previously described (48, 49) . Briefly, the gross morphology of each mutant fish was analyzed at 90 days postfertilization (dpf). Fish were euthanized on ice. Body weight and gonad weight were measured. Gonad histology analyses were performed on fish sampled at 15, 18, 25, 28, 30, 40 , and 90 dpf. For gonad histology, the gonads or whole body of fish was fixed in Bouin solution overnight at room temperature. The samples were dehydrated through a graded series of ethanol and embedded in paraffin wax. The samples were sectioned on a Leica microtome at approximately 7 mm. After rehydration, the sections were stained with hematoxylin and eosin. For each mutant line, gonads from three to eight fish were sectioned for examination of gonad developmental stage.
17b-estradiol rescue experiment
The zebrafish (10 dpf) were exposed to 17b-estradiol (E 2 , Sigma) at concentrations of 25 and 100 ng/L in 10-L aquaculture tanks. The water was renewed every 3 days. Samples were collected during sex differentiation (from 15 to 40 dpf) for gonad histology and gene expression profile analysis. Sex ratio analysis was performed at 90 dpf.
Quantitative PCR
Total RNA was isolated from whole fish without head and tail using TRIzol reagent (Invitrogen). Complementary DNA was produced from a ReverTra Ace a-first strand complementary DNA Synthesis Kit (Toyobo, Oskak, Japan) using 1 mg total RNA as the template. The specific primers used in this study are listed in Supplemental Table 1 . Quantitative real-time PCR was performed on a 384 real-time PCR system (ABI, Foster City, CA) using SYBR Premix ExTaq TM (Toyobo). Quantitative real-time PCR conditions were as follows: denaturation at 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds, 55°C for 15 seconds, 72°C for 20 seconds, and then 84°C for 10 seconds (fluorescent data collection). The results were normalized to ef1a and expressed as the fold difference of the target gene's expression relative to the control.
Statistical analyses
All data were expressed as the mean values and standard error of the mean (6SEM). P , 0.05 was considered statistically significant using the x 2 test, independent-samples t test, and one-way analysis of variance (ANOVA) in the SPSS software. Statistical comparisons of serum estradiol concentration of wild-type males, cyp19a1a 2/2 males, cyp19a1b 2/2 males, and double knockout males were conducted using one-way ANOVA with Tukey post hoc multiple comparisons. Statistical comparisons of gene expression levels between wild-type, cyp19a1a
2/2
, and 17b-estradiol rescued groups were conducted using one-way ANOVA followed by Games-Howell multiple comparisons (unequal variances) or by Dunnett test multiple comparisons (equal variances).
Results
Establishment of the zebrafish aromatase mutant line
To investigate the function of aromatase during sex differentiation, we disrupted the cyp19a1a and cyp19a1b genes using TALENs in zebrafish. The cyp19a1a and cyp19a1b genes contain nine exons and ten exons in zebrafish, respectively. The TALEN target site was located at the third exon for cyp19a1a and the fourth exon for cyp19a1b 
Cyp19a1a mutation leads to all male fish
Firstly, the sex ratios of the mutant lines were examined. In contrast to the cyp19a1a +/+ fish with a sex ratio of nearly 1:1, all cyp19a1a mutants are males; therefore, there was significant difference in sex ratio between the cyp19a1a +/+ fish and cyp19a1a mutants [x 2 1 = 41.88, P = 0.000; Fig. 2(a) ]. The sex ratio of the cyp19a1b mutants was not significantly different from that of wild-type controls [x 2 1 = 0.026, P = 1.000; Fig.  2(b) ]. The all-male phenotype was also observed in double mutants [x 2 1 = 24.98, P = 0.000; Fig. 2(c) ]. In addition, the genotypes were inherited in the expected Mendelian ratio, excluding the possibility that female homozygotes died.
To determine whether aromatase deficiency blocks estrogen synthesis, serum samples from each genotype were collected and estradiol levels were measured. There was no significant difference in level between cyp19a1b 2/2 females and wild-type females [t 8 = 1.97, P = 0.117; Fig. 2(d) ]. However, there was a significant difference in the estradiol level among the different genotypes of male fish (F 3,16 = 42.14, P = 0.000). In both cyp19a1a-deficient and double knockout fish, the levels of estradiol were significantly lower than that in wild-type and cyp19a1b-deficient fish [P , 0.05; Fig. 2(e) ]. Therefore, estrogen biosynthesis was blocked in the cyp19a1a mutants and double mutant lines. These data indicated that , and cyp19a1b 2/2 at 90 dpf. x 2 test (x 2 1 = 0.026, P = 1.000 sex ratio of cyp19a1b 2/2 compared with sex ratio of cyp19a1b +/+ ). (c) Sex ratio of wild type and double knockout mutants (dKO). x 2 test (x 2 1 = 24.98, P = 0.000 sex ratio of dKO compared with sex ratio of wild-type, ***P , 0.001). The value of "n" represents the total number of fish analyzed in three independent experiments. (d) Serum estradiol concentration of wild-type females and cyp19a1b 2/2 females (n = 5). Independent-samples t test (t 8 = 1.97, P = 0.117).(e) Serum estradiol concentration of wild-type males, cyp19a1a 2/2 males, cyp19a1b 2/2 males, and double knockout males (n = 5). One-way ANOVA (F 3, 16 = 42.14, P , 0.0001). Tukey honest significant difference for multiple comparisons. Data are mean 6 SEM. Different letters in each data set indicate statistical significance.
https://academic.oup.com/endosex ratio and estrogen synthesis were disrupted in cyp19a1a mutants but not in cyp19a1b female mutants.
Male cyp19a1a mutants are fertile The reproductive capacity of male cyp19a1a 2/2 mutants was further examined. When crossing with wildtype controls, all cyp19a1a 2/2 males (30 fish) produced fully viable offspring [ Fig. 3(a) ]. The gonadosomatic index of cyp19a1a 2/2 mutants was not significantly different from that of the cyp19a1a +/+ fish [t 10 = 2.32, P = 0.054; Fig. 3(b) ]. The serum testosterone concentration (t 8 = 24.09, P = 0.012) and serum 11-KT concentration (t 8 = 23.833, P = 0.017) were significantly higher in the cyp19a1a 2/2 mutants as compared with cyp19a1a +/+ fish [ Fig. 3(c) and 3(d) ]. Gonad histology analysis showed that mature gametes could be observed in wild-type and cyp19a1a 2/2 fish [ Fig. 3(e) ]. Collectively, these data demonstrate that reproductive functions were not impaired in zebrafish lacking a functional cyp19a1a gene.
17b-Estradiol replacement for cyp19a1a mutants
To examine whether 17b-estradiol replacement could rescue the observed all-male phenotype of the cyp19a1a 2/2 mutants, a 17b-estradiol treatment experiment was performed. Treatment with 17b-estradiol led some cyp19a1a 2/2 males to transform into females [nine females among 14 fish; Fig. 4(a) ]. The result suggested that 17b-estradiol could rescue the sex ratio defect observed in the cyp19a1a 2/2 mutant. The estradiol level in the rescued fish was also measured at 90 dpf. The estradiol level was significantly lower in rescued females than in cyp19a1a +/+ fish [t 4 = 27.73, P = 0.000; Fig. 4(b)] , and the estradiol level in rescued males was similar to that in wild-type males [t 4 = 0.588, P = 0.588; Fig. 4(c) ], suggesting that the presence of estradiol could induce ovarian fate even though the blood serum concentration was low. Gonad histology analysis showed that follicles were observed in rescued females. These ovaries were transformed into testes after rearing in fresh water for a few weeks [ Fig. 4(d) ]. All the results indicated that estrogen and cyp19a1a play important roles in maintaining female sex differentiation in zebrafish.
Impaired sex differentiation in the cyp19a1a mutant
We next analyzed the expression pattern of cyp19a1a during sex differentiation using real-time PCR. The expression of cyp19a1a peaked at 18 and 35 dpf (Fig. 5) . At both 18 and 35 dpf, the expression level of cyp19a1a showed large variations among individuals. High cyp19a1a expression may lead to ovarian fate, whereas low cyp19a1a expression may lead to testis fate (28, 50) .
We then examined the gonadal development of cyp19a1a 2/2 fish during sex differentiation. In wild-type fish, the gonads were full of primordial germ cells at 15 dpf and ovary-like gonads could be observed at 18 dpf. The ovary-like gonads started to disappear at 25 dpf, and female and male gonads became differentiable by gonad histology at 28 dpf. At approximately 30 dpf, spermatogenesis has already started in males. Spermatids could be found in wild-type testes at 40 dpf [ Fig. 6(a1-a6) ]. In the cyp19a1a 2/2 fish, no histological difference could be observed at 15 dpf. Interestingly, the ovary-like gonad did not appear at 18 dpf in the cyp19a1a 2/2 mutant. At 25 dpf, cyp19a1a 2/2 gonads were still undifferentiated and morphologically resembled the cyp19a1a mutant gonad at 18 dpf. The gonad was differentiated into testes with observable spermatogonia at 30 dpf, and the testes of the mutant group had all stages of germ cells at 40 dpf [ Fig. 6(b1-b6) ]. Therefore, cyp19a1a deficiency led to the disappearance of the ovary-like gonads and delayed male sex differentiation. To investigate whether 17b-estradiol replacement could rescue the observed cyp19a1a-null phenotypes, we treated the fish with different 17b-estradiol concentrations (25 and 100 ng/L). In the 25 ng/L group, ovary-like gonads could be observed at 18 dpf. Delayed sex differentiation could be ameliorated at 30 dpf (Fig. 6(c1-c6) ]. In the 100 ng/L group, ovary-like gonads could be observed at 18 dpf, and a few oocytes were also found in testes of cyp19a1a 2/2 fish at 30 and 40 dpf (Fig. 6(d1-d6) ]. These data suggested that the phenotypic changes of cyp19a1a 2/2 fish could be rescued by 17b-estradiol treatment. We further examined the gonad differentiation of the cyp19a1b mutant line and double knockout mutant line. The cyp19a1b deficiency did not affect the formation of the ovary-like gonads [ Fig. 6(e1-e3) ]. The disappearance of the ovary-like gonads and delayed male sex differentiation were also found in double knockout mutants [ Fig. 6(f1-f3) ]. Taken together, these findings show that cyp19a1a plays important roles in the regulation of sex differentiation in both male and female zebrafish.
Expression profiles of sex differentiation-related genes
The expression profiles of sex differentiation-related genes, including sox9a, amh, dmrt1, ar, sf-1, and foxl2, were analyzed in the wild-type, cyp19a1a mutant, and 17b-estradiol rescued groups during sex differentiation. There was a significant effect on genes expression for four conditions in each gene at different stages [P , 0.05; Fig. 7(a1-a4) , 7(b1-b4), 7(c1-c4), 7(d1-d4), 7(e1-e4), 7(f1), 7(f3), and 7(f4)], except for the expression of foxl2 at 25 dpf [P . 0.05; Fig. 7(f2) ]. The expression of key sex differentiation genes was significantly downregulated in cyp19a1a 2/2 mutants during the sex differentiation period compared with the wild-type [P , 0.05; Fig. 7 (a1-a4), 7(b1-b4), 7(c1), 7(c3-c4), 7(d1-d4), 7(e1-e4), 7(f1), and 7(f3-f4)], except for the expression of dmrt1 at 40 dpf [P . 0.05; Fig. 7(c4) ]. Interestingly, 17b-estradiol treatment could partially rescue the trend of decreased gene expression in the cyp19a1a 2/2 mutant.
At 20 dpf, there were no significant changes among these genes after exposure to 25 ng/L of 17b-estradiol [P . 0.05; Fig. 7(a1-f1) ]. However, exposure to 100 ng/L of 17b-estradiol could significantly rescue the expression of sox9a in the cyp19a1a mutants [P , 0.05; Fig. 7(a1) Fig. 7(f4) ] in the cyp19a1a mutants. The expression levels of ar were not significantly changed after exposure to 17b-estradiol at all examined time points [P . 0.05; Fig. 7(d1-d4) ]. These data indicated that disruption of the cyp19a1a1 gene leads to downregulation of key sex differentiation genes involved in both male and female sex fate development.
Dual functional roles of cyp19a1a during sex differentiation in zebrafish Based on our findings, we propose a dual-functional model for cyp19a1a in the regulation of sex differentiation. At 18 dpf, the expression of cyp19a1a could be divided into high-expresser and low-expresser individuals. The high expressers experience an ovary-like stage and might differentiate into females. The low expressers also experience the ovary-like gonads and may develop into males. When cyp19a1a was mutated, the ovary-like gonads were not formed and both female and male sex Figure 5 . Expression of cyp19a1a during sex differentiation. Expression of cyp19a1a was determined by real-time PCR (6 # n # 12). The expression levels were normalized to that of ef1a. differentiation programs were disrupted (Fig. 8) . These data suggest that cyp19a1a performs dual functions during sex differentiation: a high expression level of cyp19a1a is required for ovarian differentiation, and a low expression level of cyp19a1a is important for testis differentiation. 
Discussion
In fish, like amphibians, gonadal sex differentiation is susceptible to estrogens and androgens, suggesting that sex steroids play an important role in gonadal sex differentiation. Aromatase is the rate-limiting enzyme converting testosterone into estrogen (18, 19) . Recently, two groups have generated cyp19a1a mutant zebrafish and found that aromatase plays a critical role in directing ovarian differentiation in females (44, 45) . Two aromatase genes have been identified in zebrafish: the gonad-specific cyp19a1a and brain-specific cyp19a1b (20, 21) . In the current study, we systematically generated cyp19a1a-null, cyp19a1b-null, and double knockout fish using TALENs and provided evidence showing that cyp19a1a is not only indispensable for female sex differentiation but also required for male sex differentiation. We found that all the cyp19a1a and cyp19a1a; cyp19a1b double knockout fish were males with significantly decreased levels of estradiol. However, the cyp19a1b-null fish showed a normal sex ratio with normal estradiol levels in females. These findings clearly demonstrated that cyp19a1a but not cyp19a1b is essential for ovarian fate determination in fish. The "all male" phenotype was also supported by two recent mutation studies in zebrafish (44, 45) . These data are different from the findings in mammals in which both sexes were formed in aromatase knockout mice (51-53). , determined by one-way ANOVA with Games-Howell multiple comparisons (unequal variances; a1-a4, b1, b4, c1-c4, d2-d4, e1-e4, f3, f4) or Dunnett test multiple comparisons (equal variances; b2, b3, d1, f1). 8 # n # 12. *P , 0.05; **P , 0.01; ***P , 0.001; ns, not significant, P . 0.05.
It seems that sex steroid hormones play more important roles in the process of sex determination and differentiation in fish than in mammals.
Estrogens have been considered as gynoinductors that trigger ovarian differentiation, whereas androgens are androinductors that drive testicular differentiation (54) . However, estrogens and aromatase are in pivotal positions to control not only ovarian but also testicular differentiation, in both gonochoristic and hermaphrodite fish species (9) . In the cyp19a1a-null fish, the serum levels of estradiol were significantly decreased and the offspring were all males. We performed a rescue study with estradiol replacement. The doses of 100 ng/L (as a high dose) and 25 ng/L (as a low dose) were chosen to treat the cyp19a1a mutant based on the reported effective dose for vitellogenin induction in adult males being between 5 and 25 ng/L (55). Treatment with the high dose of 17b-estradiol led to increased serum levels of estradiol and rescued the biased sex ratio of cyp19a1a mutants. However, the level of estradiol in the rescued mutants was significantly lower than that in the wild-type females, potentially causing partial rescue in the cyp19a1a 2/2 treatment group. Moreover, the rescued cyp19a1a 2/2 females were infertile, and these ovaries could transform into testes with normal fertility after rearing in fresh water for a few weeks, suggesting that cyp19a1a may also play an important role in the maintenance of ovarian fate. Estrogen has been reported to regulate the proliferation and differentiation of germ cells and the final maturation of spermatids as well as germ cell survival and apoptosis during spermatogenesis in mammals (56) . However, we found that spermatogenesis progression is normal in adult cyp19a1a deficiency zebrafish in this study, indicating that cyp19a1a is dispensable for spermatogenesis in zebrafish. Moreover, the increased testosterone level may be due to the lack of estrogen biosynthesis in the cyp19a1a mutant. The sex ratio bias of the cyp19a1a mutant may be due to the biased ratio of testosterone/estrogen in the mutant. Given that 17b-estradiol could partially rescue the sex ratio bias of the cyp19a1a mutant, the lack of estrogen is the primary reason for the allmale phenotype in the cyp19a1a mutant.
The expression of cyp19a1a was low in the early stages and increased significantly around the sex differentiation period (18 dpf), suggesting that cyp19a1a plays a crucial role in sex differentiation in zebrafish. A similar expression pattern of cyp19a1a was reported in a previous study (28) . High-level expression of cyp19a1a in some individuals may promote female sex differentiation, whereas low-level expression of cyp19a1a may lead to male sex differentiation (50) . In zebrafish, gonad development shows a well-defined juvenile ovarian structure that either matures into adult ovaries or transforms into testes (40, 41) . Our results showed that the differences among the wild-type, cyp19a1a 2/2 and double knockout lines appears at 18 dpf. In the wild-type, female and male gonads can be distinguished based on the presence of stage IB oocytes in females or their absence in males at 25 dpf. In a previous study, no stage IB oocytes were found in Figure 8 . A proposed model for cyp19a1a in regulation of sex differentiation in zebrafish. At 18 dpf, the level of cyp19a1a expression could be divided into high-expresser and low-expresser individuals. The high expressers have ovary-like gonads that might differentiate into females, whereas the low expressers also have ovary-like gonads that will develop into males. When cyp19a1a was mutated, the ovary-like gonads were not formed and both female and male sex differentiation programs were disrupted, suggesting that cyp19a1a performs dual functions during sex differentiation.
cyp19a1a mutant gonads (45) . We also found that the gonads of the cyp19a1a 2/2 fish have no oocytes. However, an independent group reported that cyp19a1a did not seem to affect the formation of so-called juvenile ovary and oocytelike germ cells (44) . Further studies are needed to understand this phenotypic difference of the cyp19a1a mutant.
To understand the molecular mechanisms of cyp19a1a in sex differentiation, the expression of a panel of genes involved in sex differentiation, including sox9a, amh, dmrt1, ar, sf-1, and foxl2, was assessed. All the sex differentiationrelated genes chosen were significantly decreased in the cyp19a1a mutant, with different degrees of increase in the rescued group. This is probably the reason why the male sex differentiation program was delayed in the cyp19a1a-null fish. At 20 dpf, only the expression of sox9a was significantly increased in the rescued group compared with the mutants. At 25 and 30 dpf, the low dose of 17b-estradiol rescued the expression of sex differentiation-related genes, such as sox9a, amh, dmrt1, sf-1, and foxl2 in cyp19a1a mutants. Moreover, the expression of ar was not significantly changed after exposure to 17b-estradiol during all examined time points, suggesting that the expression of this gene is not sensitive to 17b-estradiol stimulation in cyp19a1a mutants. The partial rescue of these genes may be caused by the lower estradiol concentration in cyp19a1a mutant fish. In addition, similarly to a previous study (28) , the expression levels of sox9a and ar in the wild-type were much higher in high expressers at 25 dpf. Overall, cyp19a1a and estrogen play important roles in the regulation of sex differentiation in zebrafish.
In summary, we systematically generated cyp19a1a, cyp19a1b, and double knockout mutant zebrafish lines and found that cyp19a1a deficiency and double knockout mutations lead to all male fish. Both male and female sex differentiation programs were disrupted in the cyp19a1a mutants. These results provide insights into the functional role of cyp19a1a in sex differentiation in fish.
